The edge structure and width of graphene nanoribbons (GNRs) are crucial factors for the electronic properties. A combination of experiment and first-principles calculations allows us to determine the mechanism of the hexagonhexagon to pentagon-heptagon transformation. GNRs thinner than 2 nm have been fabricated by bombardment of graphene with high-energetic Au clusters. The edges of the GNRs are modified in situ by electron irradiation. Tensile strain along the edge decreases the transformation energy barrier. Antiferromagnetism and a direct band gap are found for a zigzag GNR, while a fully reconstructed GNR shows an indirect band gap. A GNR reconstructed on only one edge exhibits ferromagnetism. We propose that strain is an effective method to tune the edge and, therefore, the electronic structure of thin GNRs for graphene-based electronics.
Graphene has attracted a lot of interest since it first became accessible experimentally in 2004. 1 A substantial portion of the studies is devoted to the physics of graphene nanoribbons (GNRs), due to potential electronics applications. The edge structure and ribbon width are the two major intrinsic factors determining the electronic and magnetic properties. [2] [3] [4] [5] [6] The typical width of GNRs is in the range of 4 to 20 nm. 5, 7, 8 Recently, Jin et al. 9 have obtained GNRs by fabricating nearby holes in monolayer graphene by prolonged electron irradiation [see Fig. 1(a) ]. This method makes it possible to tailor the width of the GNRs from 2 nm down to even single C chains and to observe the edge structure in situ. For decreasing the width of the GNR, it is expected that the edge plays a more and more important role for the structural and electronic properties.
To modify the electronic structure of GNRs several methods have been proposed, such as doping the edge and application of external electric fields. [10] [11] [12] [13] Recently, strain has been suggested as another effective approach to tailor the electronic structure, as it is required for nanoelectromechanical systems. [14] [15] [16] Moreover, it has been predicted theoretically that bending of a ribbon in-plane into a circular arc simulates a magnetic field of 10 T. 17 Tensile (compressive) strain in graphene results in lattice modifications and corresponding phonon mode softening (hardening). 18 However, until now there has been a lack of knowledge about the influence of strain on the edge structure and electronic states of GNRs.
In this Brief Report, we report on the fabrication of ultrathin zigzag GNRs with widths of about 2 nm by bombardment with high-energetic Au clusters. The width of the GNR can be tuned by electron irradiation. We observe by in situ transmission electron microscopy (TEM) that the edges can be transformed from a hexagon-hexagon to a pentagon-heptagon pair, where we call GNRs with one and two reconstructed edges semireconstructed (SR) and fully reconstructed (FR), respectively. Density-functional theory reveals that tensile/compressive strain along the edge decreases/increases the transformation energy barrier. The influence of the width of the GNR on its electronic and magnetic properties is discussed in detail.
Known methods for obtaining GNRs include lithographic patterning of graphene sheets, 5 chemical sonication, 7 unzipping of multiwall carbon nanotubes by plasma etching, 8 as well as bottom-up fabrication. 19 However, the created GNRs unavoidably are polluted by foreign molecules. In addition, the width cannot be controlled and there are problems in characterizing the edge structure. Following the method proposed by Jin et al. 9 to fabricate ultrathin zigzag GNRs, we first have grown a graphene monolayer on a copper foil and then have transferred it to a TEM grid, which avoids substrate effects with the following results. Clean samples can be obtained by annealing in forming gas at 600
• C. GNRs are created by bombardment with high-energetic Au clusters generated in a pulse-laser (400 mJ/pulse and 40 ns/pulse) deposition chamber at 10 −8 Torr. The bombarded graphene layer shows holes of various sizes and is found to be free of contaminations [see Fig. 1(c) ]. The width of the GNRs produced by this method is typically 2 nm, due to the high density and small radius of the holes. We have monitored in situ the behavior of the GNRs under a continuous exposure to electron irradiation by aberration corrected high-resolution TEM with an electron energy of 60 kV.
Our calculations employ the generalized-gradient approximation of the exchange-correlation functional in the Perdew-Burke-Ernzerhof parametrization with ultrasoft pseudopotentials, 20 using the Quantum-ESPRESSO package. 21 We apply periodic boundary conditions and a slab geometry with a vacuum layer of >10Å thickness. A high cutoff energy of 500 eV and a mesh of 1 × 8 × 1 k points are used to achieve a high accuracy. Structural optimization is carried out for all systems until the residual forces have converged to 0.003 eV/Å. The energy barriers are calculated by the climbing-image nudged elastic band (NEB) method, 22 which enables us to find the minimum-energy path between given initial and final states of a transition. We describe the Previous 100-200 kV TEM studies of few-layer graphene have indicated that it is difficult to resolve the structure atomically and that a high electron energy can lead to amorphous graphene. 9, 23, 24 In order to minimize the electron sputtering effect on the C atoms, we have operated the microscope at 60 kV with a typical electron-beam current density of 100 A/cm 2 . We are able to still achieve a resolution better than 1.1Å by introducing a spherical aberration correction and reducing the energy spread of the electron beam to less than 0.15 eV. In this condition the maximal knock-on energy is 11.3 eV, which is below the threshold for knock-on damage (17 eV) for C atoms in pristine graphene but larger than the threshold for C atoms on the edge (5.5-10.5 eV). 25, 26 Our procedure makes it possible to analyze the evolution of the edge structure of the GNRs. Note that electron irradiation can slowly decrease the width of GNRs 9,27,28 and can induce edge reconstruction.
29 Figure 2 shows the edge evolution of a typical GNR through various configurations. We find that the GNR keeps its zigzag direction for more than 10 073406-2 electron irradiation. In addition, Fig. 1(c) shows for the edges of both GNRs a zigzag direction. Therefore, our experiment confirms that the zigzag edge is more stable than the armchair edge under electron-beam exposure, 27 though the opposite has been predicted theoretically by ab initio calculations. 31, 32 The latter two papers also report that reconstruction from a hexagon-hexagon to a pentagon-heptagon configuration can happen spontaneously at room temperature. Sen et al. 33 have shown that the reconstruction can be activated via external force. Our TEM simulations in Figs. 2(j)-2(l) point to an edge reconstruction in pentagon-heptagon pairs. Also, moleculardynamics calculations show that the zigzag and armchair edges are undulated in the out-of-plane direction, whereas the pentagon-heptagon edge is completely flat. 34 This implies that the reconstruction results in edge stress. A GNR with lattice parameter a 0 is subject to a compressive (tensile) strain of −1.4 (+4.4) nN in the zigzag (FR) edge configuration (for w > 2) [see Fig. 3(a) ]. Therefore, the assumption 31, 32 that the reconstruction from the zigzag to FR GNR occurs spontaneously at room temperature would imply that the SR GNR bends to the reconstructed side and the FR GNR shrinks. However, our experiments contradict such a scenario. To explain this contradiction, we first examine our experimental setting. One may argue that the reconstruction along the edges of the GNR is activated by the strain introduced by the bombardment of the graphene sheet. From Figs. 2(b)-2(e) we conclude that tensile strain along the edge lowers the transition barrier of the reconstruction. This picture is supported by our calculations. We study a 1 × 4 × 1 supercell and address the transformation of the first hexagon-hexagon pair into a pentagon-heptagon pair on one side of the GNR (w = 4) for different edge strains by the NEB method. The result is shown in Figs. 3(c) and 3(d) . Previous findings indicate that this transition barrier is less than 0.7 eV, 31, 32, 34 which implies that the reconstruction takes place spontaneously at room temperature. The first step of the reconstruction has the largest barrier (0.8 eV) as compared to further reconstruction steps. 34 We find a first transition barrier of E 0 = 1.12 eV. Employing transition state theory, we use the relation k = v G exp(−E a /RT ) with frequency v G = 5 × 10 12 s −131 to obtain a rapid transition rate of 7 × 10 −6 s −1 , which suggests that the reconstruction is impossible at room temperature. However, as the first transition barrier decreases with increasing tensile strain according to Fig. 3(d) , a zigzag GNR is transformed into a FR GNR more easily under tensile strain along the edge. Tensile strain increases the initial-and final-state energies but leaves the transition state almost unchanged [see Fig. 3(c) ]. Therefore, the transition barrier decreases. Fitting the dependence of the first transition barrier E b on the strain ε leads to E b = a · ε + E 0 with a = −0.21 eV/% and E 0 = 1.12 eV. We estimate that a transition is observed in the TEM images for ε > 2%.
Figures 2(f) and 2(g) shows double and single C chains, respectively. Figure 2 (h) demonstrates the situation after breakage of the single C chain. It is reported that a GNR that is only two to three atoms thin is dominated by the edge atoms, which leads to large structural reconstructions. 9 However, the details of the latter have not been clarified yet. Experiments indicate that a GNR of width w > 2 is still stable [see Figs. 2(a)-2(e) ]. By calculating the phonondispersion relation in density-functional perturbation theory, 35 no negative frequency is obtained for w > 2 zigzag, FR, and SR GNRs, which points to stability of such thin GNRs. Figure 5 shows the phonon-dispersion relations of w = 4 GNRs. For the zigzag GNR all the branches are below 1580 cm −1 , resembling pristine graphene. 18 of Fig. 3(a) ]. Thus, a w = 3 GNR which is turned into a w = 2 GNR by electron-beam irradiation ends up as a double C chain. Moreover, Figs. 2(g) and 2(h) demonstrate that the GNR was tensile strained, since the two ends of the remaining single C chain fall apart after the breakage. The effects of tensile strain on single C chains have been analyzed quantitatively by Nair et al. 36 We note that the edge reconstruction also influences the mechanical strength of GNRs. For w = 4 zigzag, FR, and SR GNRs we obtain strengths of 35, 26, and 24 nN, respectively.
The strain-assisted zigzag-to-FR reconstruction in thin GNRs as described above gives rise to a variety of interesting electronic and magnetic properties. When a zigzag GNR becomes thin enough (w = 4), the magnetic moments of the two edges develop an antiferromagnetic (AFM) order rather than a ferromagnetic (FM) order, with an appreciable energy difference of 85 meV/cell and magnetic moment of about 3 μ B /cell. The magnetic ordering opens up an energy gap (1.18 eV for w = 4) at the Fermi level [see Fig. 5(a) ], and a direct band-gap semiconductor is formed.
3 Because the FR GNR shows an indirect band gap (0.45 eV for w = 4) [see Fig. 5(c) ], the zigzag-to-FR reconstruction comes along with a direct-to-indirect band-gap transition. In addition, the FR GNR is nonmagnetic due to the absence of dangling bonds. The zigzag-to-SR reconstruction combines a magnetic transition (AFM to FM) with an electronic transition (insulating to metallic) [see Fig. 5(d) ]. The zigzag edge of the SR GNR is spin polarized, while the states at the Fermi level mostly belong to the other edge. In addition, the electronic and magnetic properties depend on the width w of the GNR. When w increases, the exchange interaction between the magnetic moments located at the two edges of a zigzag GNR becomes weaker. Consequently, the band gap decreases rapidly [see Fig. 2(b) ]. The FR GNR transforms into a metallic state for w > 4 due to an energetic lowering of the states originating from the π bands [see Figs. 4(c) and 4(e)]. The energy difference between the AFM and FM solutions for the zigzag GNR is reduced when w increases. For example, it amounts to 1.1 meV/cell for w = 15. This implies that the AFM order of the magnetic moments at the edges of a thick zigzag GNR cannot persist at room temperature.
In conclusion, we have demonstrated the fabrication of ultrathin GNRs (thinner than 2 nm) by bombardment of a graphene sheet with high-energy Au clusters and the in situ modification of the edges of the GNRs by electron-beam irradiation. We find that the experimental difficulty to observe a transition of a zigzag GNR edge is due to a large transition barrier of 1.12 eV. Our theoretical results show that tensile strain can be used to activate the transition. We find that ultrathin GNRs are characterized by a complex electronic and magnetic behavior, which is attributed to the strain dependence of the edge reconstruction and the influence of the ribbon width. We propose that strain is an efficient tool for tuning the edge structure and, therefore, the electronic properties of GNRs, to account for the needs of graphene electronics.
